INTRODUCTION

EXPERIMENTAL
Materials
Sample Defect Preparation
The SiC/CAS CMC, SiCfI'i MMC, and Graphite / Polyimide PMC were machined to make flat bottom holes by utilizing center cutting solid carbide end mills of different diameters.
The sample was fed into the cutter until reaching the desired depth. The mills were rotated between 60 -120 RPM (the larger the mill, the lower the RPM).
No coolant was used. The SiC/SiC samples required ultrasonic milling at 42 Khz with coolant to machine the fiat bottom holes. The fiat bottom hole defects ranged in diameter and depth for each material as shown in table 2. Defect distribution plots showing diameter versus depth will be shown in the RESULTS section when detectability results are presented. Figure 2 shows a photograph of a SiC/CAS sample with fiat bottom holes. Because of the limited number of samples, and the desired sizes and depths of defects for this investigation, fiat bottom holes were in some cases machined slightly closer to each other and to sample edges than prefered to avoid potential thermal interference effects. Average spacing between defects was 2-5ram. Up to 30IR imageframeswereacquiredsequentiallyat 100 -200 msec intervals after flashing.
In cases where defects were not detected through 30 frames using the 100 -200 msec delay time, 500 msec delay intervals were tried. 
Further NDE Characterization
Ultrasonic and radiographic imaging were performed on the samples to compare with the thermographic imaging results. Figure 4 and Figure 5 shows a time sequence of thermography images for a SiC/CAS sample containing defects.
SiC/CAS CMC
The images are separated by 250 +_. 30 msec (time of 3 frame acquisitions plus delay time between frames) and illustrate the detection of defects as function of time after heating.
The shallower defects (0.9 mm _ depth _ 1.1ram) began to appear approximately 250 -450 msec after heating with high contrast obtained at times _ 500 reset. The deeper defects (1.5 mm depth _ 1.6 mm) began to appear approximately 850 msec after heating with high contrast obtained at times 1200 msec -1500 msec. The deeper defects tend to appear more diffuse than the shallower defects when comparing the frames for each where maximum contrast occured. Figure 6 shows radiographic and pulse-echo ulwasonic c-scan (gated front surface echo trailing edge) images of the same SiC/CAS sample. The defects were clearly detected in the radiograph.
All defects were detected in the ultrasonic image although the smaller, shallower indications overlap with each other due to ultrasonic interference. Depths over which defects of diameter range were detected (ram)
SiC/SiC CMC
5-6
Deplhs over which defects efspec/fied diameter rangewere xot detected Based on these data, defects of depth > 1.6 mm with diameters _ 3.2 mm in this SiC/Ti material probably will not be detected with the thermography methodology of this study. This result is consistent with the empirical rule that states that defects of diameter _ 0.5*d -1.0*d where d is the depth below the surface probably will not be detected.
8
:lI Y: defects at these depths were not detected. Figure 12 shows the radiographic and pulse-echo ultrasonic c-scan (gated back surface echo)
images of the same SiC/Ti sample. All defects are detected in both images, although the deepest, smallest ones appear with slightly less clarity in the ultrasonic image. Only the shallowest defects (0.7 mm _ depth _ 0.8 mm) in the sample appear in the images. These defects begin to appear faintly at times 150 -350 msec and with high contrast at times > 400 msec. The deeper defects (1.8 mm _ depth _ 2.0 ram), as large as -12 mm in diameter, were never visible at any time. Figure 15 shows the pulse-echo ultrasonic c-scan (gated back surface echo) and radiographic images of the same graphite/polyimide sample. All defects are clearly detected in the radiograph.
Graphite / Polyimide PMC
In the ultrasonic image, the shallow row of defects is detected while the deeper row of defects shows semicircular indications towards the bottom of the row but is mostly hidden due to ultrasonic scatter.
Effect of Heating Configuration (Initial Surface Temperature) on Detectability
The intial surface temperature affected the results with regards to the detectability of the deepestand smallest defects in the samples. For example, as shown in figure   16 , a 3.0 mm diameter defect located -1.7 mm belowthe surface in a SiC/CAS sample could be detected using heating configuration 2 (maximum surface temperature in first frame after heating = 206°C) but not using heating configuration 1 (maximum surface temperature in first frame after heating = 111°C). Additionally, most of the deeper defects were seen more clearly (with more contrast) using the configurations resulting in higher initial surface temperatures (more powerful heating). Figure 17 show a sequence of images where the camera-to-sample distance was varied from 40 cm to 160 cm for one of the SiC/CAS samples, which correspondingly increased the field of view (FOV) size (lateral dimension) from 14 to 44 cm. As the field of view is increased in size, the sample becomes a smaller portion of it. Only the sample (rather than the entire FOV including sample) is shown in figures 17a -h. Figure 18 shows the detectability results for the defects in this sample as a function of FOV lateral dimension. The shallower defects (0.6 mm a depth a 0.8 mm) ranging in diameter from 3.0 -11.5 mm in diameter were detected at all FOVs. The smallest diameter (1.5 ram) defect in this depth range could not be detected at FOVs > 29 cm (sample-to-camera distance > 100 cm). For the greater depth range (1.6mm _ depth _ 1.8 ram), the 9.0 and 10.5 mm defects were detected at all FOVs while those defects ranging in diameter from 1.5 to 6.0 mm became undetectable beyond certain FOVs. High intensity flash lamps located on the same side as the infrared camera were used to heat the samples. After heating, up to 30 images were sequentially acquired at 70 -150 msec intervals.
Effect of Field of View Size on Defect Detectivity
CONCLUSIONS
Limits of detectability based on depth and diameter of the flat-botton holes were observed for each composite material.
For the SiC/CAS CMC samples, defects of depth < 1.8 mm with diameters > 1.6 mm probably will he detected with the thermography methodology used in this study. For the SiC/SiC CMC samples, defects of depth < 1.8 nun with diameters > 2.6 mm probably will be detected. For the SiC/Ti MMC samples, defects of depth < 1.6 mm with diameters > 3.2 mm probably will be detected. For the graphite/polyimide PMC samples, defects of diameters~1 mm -12 mm< 1.8 mm in depth probably will be detected. Depth appears to he the limiting variable with regards to detectability in the PMC system. The thermography imaging results were consistent with=the empirical rule that states defects of diameter < 0.5*d -1.0*d where d is the depth below the surface probably will not be detected. Vol. 64, No. 9, 1986 , p. 1150 . Co) 1.6 -<depth _<1.8 mm.
